We investigate the feasibility of forming ultracold LiH from a mixture of the ultracold atomic gases, by using B 1 as an intermediate state in the photoassociation process. Using accurate molecular potential energy curves and dipole transition moments, we calculate and compare two possible schemes to populate vibrational levels of the ground electronic state, X 1 + : (1) twophoton stimulated radiative association and (2) excitation to bound levels of the B 1 state, followed by spontaneous emission to the X 1 + state. With laser intensities and atomic densities that are easily attainable experimentally, we find that significant quantities of molecules can be formed in various v, J levels of the electronic ground state. We examine the spontaneous emission cascade which takes place from the upper vibrational levels on a time scale of milliseconds. We discuss the issue of back-stimulation for the two-photon process and ways to mitigate it. Because photon emission in the cascade process does not contribute to trap loss, a sizable population of molecules in v = 0 can be achieved.
Introduction
Over the last few years, the initial interest in the formation of ultracold alkali dimers, such as Li 2 , Na 2 , K 2 , Rb 2 and Cs 2 , has been extended to polar molecules [1] . The recent realization of Bose-Einstein condensates (BECs) of homonuclear alkali molecules [2] [3] [4] [5] has raised the possibility of achieving the same with polar molecules for which novel effects [6] due to dipole-dipole interactions are predicted. The focus of a number of recent studies is the creation of the mixed alkali species, such as KRb [7] [8] [9] [10] [11] , LiCs [12, 13] , NaCs [14] , RbCs [15] [16] [17] or 85 Rb 87 Rb [18] , from mixtures of the ultracold atomic gases. Alkali hydride molecules, however, have dipole moments which are significantly larger than many of the mixed alkali diatomics. We have previously explored the formation of ultracold LiH in various vibrational levels of the X 1 + electronic ground state using two-photon excitations via the A 1 + excited electronic state [19] . We also have investigated the formation of LiH and NaH by one-photon stimulated radiative association, involving transitions directly from the vibrational continuum to specific vibration-rotation levels in the ground state [20] . In this work, we study the formation of lithium hydride molecules through the B 1 excited state, starting from mixtures of the ultracold atomic gases, Li and H. These atomic species have been separately cooled to reach BEC conditions [21] . We note that it is not possible to form NaH in a similar fashion, as the B 1 state of NaH appears not to be bound. We calculate the molecule formation rate for two possible schemes to populate levels in the LiH ground electronic state: (1) two-photon stimulated radiative association and (2) excitation to bound levels of the B 1 state, followed by spontaneous emission to the X 1 + state. We then compare the molecule formation rates for the two mechanisms, because while there is more selectivity possible in populating particular vibrational levels of the X state using the stimulated Raman two-photon scheme, the possibility of back-stimulation exists. The large X 1 + -B 1 dipole transition moment for LiH may make the spontaneous emission rate competitive, and some selectivity may be obtained by population of a particular vibrational level in the B 1 state. Note that experimental efforts are also underway to produce ultracold LiH using the buffer gas cooling technique [22] .
In the following sections, we describe the photoassociation processes through which we form molecules of LiH. We explore the population of target vibrational levels in the X 1 + state via a two-photon stimulated Raman transition and via spontaneous emission. We then investigate the radiative cascade within the rovibrational levels of the ground state that can lead to very large amounts of v = 0 molecules distributed over a range of rotational states. Finally, we discuss the constraints on the molecule formation rates due to possible back-stimulation into the continuum.
Theory
The two molecule formation schemes start with the same initial photoassociation transition from the vibrational continuum of the X 1 + state to the intermediate B 1 state as described in section 2.1 (see figure 1) . In section 2.2, we give the rate coefficient for the two-photon stimulated Raman photoassociation and in section 2.3 we present the equations involved in calculating the spontaneous radiative decay from the excited electronic state. Molecule formation rates for the two schemes are derived in section 2.4
Initial photoassociation step
At ultracold temperatures, the relative energy ε of the two colliding atoms in the continuum state |ε, is such that only s-wave scattering ( = 0) is relevant. As it is required that J [23, 24] , only J = 1 of B 1 (with = 1) can be excited by a first laser L 1 with intensity I 1 , frequency ν 1 and detuning associated with the transition |ε, = 0 → |v , J = 1 (see figure 1 ). In this case, only the odd parity state ( − ) for J = 1 is populated because the initial state has even parity (J = 0, X 1 + ). The second stage of both schemes can populate J = 0 and 2 of X 1 + by spontaneous emission or by emission stimulated by a laser L 2 with intensity I 2 , frequency ν 2 and detuning δ associated with the transitions |v , J = 1 → |v, J . No J = 1 level in the X state can be directly populated from the B state via a Q-branch transition because of parity considerations. Although (v, J ) with J = 0 and 2 can be populated in X via B 1 using the appropriate laser frequencies, we will focus our attention on the formation rate for (v, J = 0) rovibrational states; the rates for (v, J = 2) are of comparable magnitude.
The one-photon photoassociation rate K (1) to an excited electronic state from a laser L 1 (with I 1 and detuning from a level v , J ) is given by [19, 25] 
where ε =h 2 κ 2 /2µ = µv 2 rel 2, µ is the reduced mass, v rel is the relative velocity of the colliding pair and S ,v represents the scattering matrix element for producing the state v from the continuum state. Averaging over v rel is implied by · · · .
At ultracold temperatures, only the s-wave ( = 0) contributes, and the sum over partial waves contains only one term. Furthermore, we can approximate |S =0,v | 2 by [19, 25] 
where γ s is the stimulated width from the continuum initial state |ε, = 
where
is the square of the dipole transition matrix element, D(R) is the molecular dipole transition moment connecting the ground and excited electronic states and εv is the Rabi frequency between the continuum and bound states (following the convention of [25] ).
Assuming a Maxwellian velocity distribution characterized by the temperature
3/2 (k B is the Boltzmann constant). In the ultralow energy limit, we also find that
in accordance with Wigner's threshold law [26] . Here, this approximation is valid for energies of E/k B ∼ 10 mK or less because of the small reduced mass of LiH. Therefore,
√ which is maximum for = k B T /2. Using that value of detuning and equation (3), we have
Note that we have not accounted for the light polarization in the above expression.
Two-photon stimulated photoassociation
A two-photon stimulated Raman photoassociation process is described by the rate coefficient
. If the value of is large when compared to the natural width γ v of the intermediate level v , we can use an effective Rabi frequency formulation [19, 27] and write the two-photon Raman rate coefficient K (2) in terms of the one-photon photoassociation rate K (1) to v and the ratio of the bound-bound Rabi frequency vv and the detuning
Here, {L} ≡ {L 1 , L 2 } stands for the various laser parameters. Note that K (1) is computed using the two-photon detuning δ (see figure 1 ). This approximation clearly fails when → 0; if /γ v , the ratio of the detuning to the spontaneous decay width of level v is not large enough, Autler-Townes splittings and large spontaneous decays would need to be taken into account [25] . Note that it is straightforward to rederive equation (6) using an effective Rabi frequency for the two-photon process (when is far detuned from v ):
2 and using the result of equation (5) for
Spontaneous radiative decay
The excited vibrational levels (v , J = 1) of the B 1 can decay into lower levels in the B 1 , A 1 + , or X 1 + electronic states. Following Kovacs [23] , the Hönl-London factors fortransitions ( = +1) with J = = 1 for the R-branch (J = 0), Q-branch (J = 1) and P-branch (J = 2) are in general given by
However in our case, because we populate only the odd parity − J = 1 state starting from the J = 0 partial wave in the continuum, there can be no Q-branch decay populating J = 1 in the X state. Transitions can occur only through the R-branch and P-branch, for which W state ( = 0), the Hönl-London factors are non-zero only for the Q-branch (J = 1) and P-branch (J = 2) transitions, as no J = 0 level (hence no R-branch transition) is allowed:
The transition probabilities for spontaneous decay from a level (v , J ) in the B 1 state are given by
where the three components correspond to the allowed decays within the B 
where each branch α includes the contribution from discrete-discrete and discrete-continuum transitions as appropriate:
Here, the allowed transitions from the initial upper state |v , J to lower discrete states |v, J or continuum states |ε, are given by
where the frequencies are defined ashω 
Finally, the branching ratio for radiative decay from an initial (v , J = 1) into a bound level (v, J ) of the electronic ground state X 1 + is simply given by 
Molecule formation rates
The hyperfine states of the trapped ultracold atoms can lead to scattering wavefunctions containing both singlet and triplet components. The singlet and triplet fractions, χ S and χ T = 1 − χ S , depend on the atomic hyperfine states (F, m F ) populated in a particular experiment. For example, the two low-field seeking states (1, −1) in 7 Li and (1,1) in H give χ S = 1/8. The values of χ S are given in table 1 for  7 Li and H and table 2 for  6 Li and H. A rate R of molecules formed per second can be obtained if we multiply the appropriate photoassociation rate coefficient K by the densities of each of the atomic species, n Li and n H , and by the volume V illuminated by the laser beam(s). For both one and two-photon processes, we write
where only α = R leads to J = 0 states. Note that any level other than the ground level (v = 0, J = 0) of X 1 + will lead to further radiative cascade that will populate a distribution of rotational levels in X 1 + . Thus, the formation rate of singlet molecules can be written Separation R (a.u.) curve, we used the ab initio data from Partridge et al [29] , joined smoothly to the long range form −C 6 /R 6 − C 8 /R 8 (with coefficients C 6 = 84.327 au and C 8 = 14794.02 au from [30] ). The B and X states are shown in figure 1. For the A 1 + state, we have used the potential energy curve described in [19] .
Potentials and dipole moments
For the X 1 + state, the dipole moment function, D X (R), was taken from the calculations of Docken and Hinze [31] . The calculated points were fitted using a cubic spline and joined smoothly to the form be −cR at large separations: b and c were found to be 1651.7 au and 0.959 au, respectively, by using the data at R = 10.0a 0 and 12.0a 0 . For the B 1 state, the dipole moment function, D B (R), was taken from the calculations of Partridge et al [29] (neglecting the data at R = 10 and 11 au), fitted by a cubic spline and joined smoothly to the form be −cR at large separations. Using the data at R = 13.5a 0 and 15.0a 0 , we find b = 0.49478 au and c = 0.31334 au.
The dipole transition moment D AB (R) between A 1 + and B 1 was taken from [29] , fitted using a cubic spline, and joined smoothly to the form b e −cR at large separations using the data at R = 13.5a 0 and 15.0a 0 , b and c were found to be 249 245.4 au and 1.242 72 au, respectively. Finally, the dipole transition moment D XB (R) between X 1 + and B 1 was taken from [29] , fitted using a cubic spline, and joined smoothly to a constant value of 2.3335 au for R > 15a 0 . The constructed curves for the various dipole moments of LiH are shown in figure 2.
Results and discussion
In order to compute the molecule formation rates using the expressions for the one-and twophoton rate coefficients, it was necessary to obtain rovibrational wavefunctions for the bound levels of the B 1 state and the bound and continuum levels of the X 1 + state. We solved the radial Schrödinger equation using the molecular potentials described in the previous section. The wavefunctions were used together with the X-B transition moment to obtain the matrix elements D v (ε) and D v v . For comparison purposes, we used the same parameters as in [19, 20] , notably laser intensities of 1000 W cm −2 , detuning = 500 MHz (so that γ v for all v ) and a temperature of 1 mK. We note that larger rate coefficients can be obtained by lowering the temperature, since K (1) , and thus K (2) , are inversely proportional to T (see equations (5) and (6)). 
Two-photon stimulated Raman process
The factors C v |D v ,v | 2 appearing in equation (7) describing the excitation from the continuum to the intermediate levels v of the B 1 state and then to the target level v of the X 1 + state of LiH have been computed and are shown in figure 3 . There are only three bound vibrational levels in the B state. It is clear that the largest rate coefficients, by several orders of magnitude, will be obtained by exciting through the v = 2, J = 1 level. Table 3 shows the two-photon rate coefficients K
vv for populating selected X 1 + levels, v, J = 0, through v = 2, J = 1 of the B state. The largest rate coefficients are associated with populating the highest lying vibrational levels of the ground state. Also listed in table 3 are the rates for molecule formation computed using equation (22) (2) vv is of the same order of magnitude [19] (except for v = 0 which is about ten times larger using A 1 + ). Note that both values of K (2) vv to reach v = 0 are much larger than the rate coefficient K Table 4 . Coefficient C v of the dipole matrix element |D v (ε)| 2 = C v √ ε for transitions from the continuum of X 1 + (J = 0) to bound levels of B 1 (J = 1) of 7 LiH, and the one-photon rate coefficient K (1) v to those levels v , assuming T = 1 mK and I 1 = 1000 W cm −2 . Powers of ten are given in square brackets. v = 0 from the continuum with one-photon stimulation [20] . The higher molecule formation rates for v > 0 are offset by the resultant cascade which takes place and reduces the control over the J -level population in v = 0, as discussed in section 4.3. We note here that the back-stimulation from the target level in the X state into the continuum needs to be considered (see section 4.4).
Spontaneous emission rates to bound levels of X state
For very low energies the square of the dipole matrix element governing transitions from the X 1 + continuum (J = 0) to bound levels of the B state (J = 1) can be written as
The coefficients C v together with the one-photon rate coefficient K (1) v to the three vibrational levels of the B state, assuming T = 1 mK and I 1 = 1000 W cm −2 , have been calculated and are presented in table 4. It is clear that population of v = 2 leads to a much higher rate coefficient than population of either v = 0 or 1.
Once the B 1 state is populated, the rovibrational levels can decay by spontaneous emission into lower levels in the same electronic state, to discrete levels of the A 1 + state with lower energy, or into continuum or discrete levels of the X 1 + ground state. We have computed the transition probabilities, A v , associated with each of these possible branches, and the total lifetime for the three v levels in the B 1 state. These are listed in table 5. We calculated lifetimes of the order of tens of nanoseconds, ranging from 11.6 ns for v = 0 to 29.9 ns for v = 2. The values of τ v increase with v , reaching a value slightly larger than the lithium atomic lifetime of 27.102 ns [32] for the uppermost level v = 2, as expected since the B 1 state correlates asymptotically to H(1s) + Li(2p). The widths γ v behave as the reciprocal of τ v . We compare our results with other published values in table 5, and find that the lifetimes are comparable for v = 0 and 1, but that for v = 2, our value is larger, reflecting the importance of the decay back to the continuum; unlike [33] , we did not approximate the decay into the continuum from the decay into the discrete levels of the X 1 + state, but instead integrated the continuum contribution using the calculated square of the dipole transition matrix element |D v (ε)| 2 . Branching ratios r v J vJ for decay from B state levels (v , J = 1) to lower levels (v, J ) of the X state were computed and are shown in figure 4 . Even though the branching ratios to low-lying vibrational levels in the X state are largest for v = 0, it must be remembered that the rate coefficient for populating this level by laser excitation from the continuum is seven orders of magnitude smaller than for populating v = 2, since its C v is seven orders of magnitude smaller than for v = 2. The v = 2 level predominantly decays to v = 23 of the X state.
The molecule formation rates due to spontaneous emission into rovibrational levels in the X state have been computed using equation (21) and (22) state. The temperature, densities and laser parameters are the same as was used in the two-photon case. The rates are listed in table 6 for six different rovibrational levels. For forming molecules in v = 0 by one-photon excitation to the intermediate B state, followed by spontaneous emission, the rate is approximately 13 000 mol s −1 , about 25 times slower than found for populating v = 0 using the two-photon Table 7 . Lifetimes for the vibrational levels in the X 1 + state of 7 LiH for J = 0, 1 and 2. The numbers in brackets indicate powers of ten. stimulated Raman mechanism. Spontaneous radiative decay from v = 2 overwhelmingly populates v = 23, J = 0, at a rate of 1.4 × 10 7 mol s −1 . This is competitive with the rate of molecule formation via the two-photon process to mid-level rovibrational states of the X 1 + , 5 v 15. In both cases, significant radiative cascade then takes place as will be discussed in the following section.
Radiative cascade
As has been shown above, the rate coefficients for directly populating the v = 0 level of the X state by either the one-photon or the two-photon process are extremely small. Significant molecule formation rates can therefore only be achieved through populating higher vibrational levels of the X state. Because the ground state of LiH has a large dipole moment, which varies with the internuclear separation R, once an upper vibrational level (v, J ) of X 1 + is populated, it will decay by spontaneous emission into lower rovibrational levels, ultimately cascading down to v = 0. Due to the selection rule J = ±1 for such transitions, this cascade process will result in a distribution of J states in the v = 0 manifold. As described in our previous paper on one-photon stimulated photoassociation [20] , we obtain these distributions by calculating the branching ratios r
, between a starting level (v 1 , J 1 ) and an ending level (v 2 , J 2 ) in the X state. As we noted, the cascade from an initial (v i , J i ) level to a final level (v = 0, J f ) can take any number of different paths, mostly through v = 1, 2, 3 or 4 transitions. We do not consider radiative decay within the v = 0 manifold (via J = −1 transitions) because the lifetime for such transitions is so much longer than in the vibrational cascade. We have computed the lifetimes, τ v , of the rovibrational levels (v, J = 0, 1, 2) of the X state. They are listed in table 7. Here we include J = 1, as these levels can be populated in the cascade through the X 1 + state. The values of τ v initially decrease starting at about 22.2 ms for v = 1 down to about 2.88 ms for v = 18, before increasing rapidly to reach about 8.9 ms for v = 22 and finally 99 ms (J = 0) or 131 ms (J = 1) for the last level v = 23, although this level can never be populated starting from a pure s-wave continuum state. This last very large value reflects the poor overlap of the wavefunction of v = 23 with all other levels in regions where the variation of the dipole moment is appreciable, as well as the exponentially decaying magnitude of the dipole moment. Overall, the lifetime of these levels is roughly 4 ms.
Using the calculated lifetimes for a range of (v, J ) levels in the X state, and computing the branching ratios for spontaneous radiative decay, we have obtained the rotational distributions of LiH molecules in v = 0 starting from various initial vibrational levels of the X state (and J initial = 0, 2). These distributions are shown in figure 5 . As is to be expected the rotational distribution becomes broader, with increasing v initial . The most probable final J -value is around J = 5 for v initial > 10.
The momentum direction of the emitted photon is random for each step of the decay process. Thus, the kinetic energy of the molecule is increased at most by the largest single jump in energy, in this case for v = 4. We have estimated the momentum kick imparted to the molecule by the emission of a photon. For a v = 1 transition, the largest energy kick occurs between v = 1 and 0, corresponding to a kinetic energy of about 20 nK for the molecule. At worst, a v = 4 transition would heat up the trapped molecule by less than 80 nK [20] .
Back-stimulation
Back-stimulation from a target level, (v , J = 1) for the one-photon process and (v, J = 0 or 2) for the two-photon process, into the continuum needs to be considered. This effect becomes relevant when the time associated with the stimulated photoassociation process becomes comparable to or smaller than the radiative lifetime of the target state. Then, large fractions of the molecules produced are dissociated before they can radiatively decay into a lower level that is not resonant with the laser frequency.
Here, we assume a lower temperature of 100 µK (attainable for both Li and H samples), so that the rate coefficients listed in tables 3 and 4 are increased by a factor of 10. For the onephoton process with I 1 = 1000 W cm −2 and T = 100 µK, the stimulated width γ s for the upper level v = 2, J = 1 is 4. , and thus the same is true for these levels as well. We conclude that back-stimulation is not an issue for the one-photon process.
For the two-photon process, we can estimate the back-stimulation timeτ =h/γ s using the expression for γ s in equation (3) 
µs).
With τ v ∼ 4 ms, we need to increaseτ by at least four orders of magnitude, which can be done be reducing the laser intensities, say to I 1 = I 2 = 10 W cm −2 ; in this case, we obtainτ ∼ 22 ms, and the back-stimulation should not be a major problem. Note that the value of K (2) will also be reduced by 10 4 . However, by lowering the temperature to T = 100 µK, we increase the values for K (2) in table 3 by a factor of 10, and a subsequent reduction by 10 4 in the laser power still results in rate coefficients for v = 15 of about 10 −13 cm 3 s −1 , leading to rates of 10 4 mol s −1 using the densities and volume listed in table 3. Finally, the laser intensities do not need to be equal, and one could use I 1 = 1000 W cm −2 while I 2 = 0.1 W cm −2 to obtain the same effect. Thus, the back-stimulation constrains the two-photon formation rate but not the one-photon rate. As discussed above, using I 1 = 1000 W cm −2 and T = 100 µK, the one-photon rate becomes 10-100 times larger than the two-photon rate with I 1 · I 2 = 100 W 2 cm −4 , depending on the X-state target level. One could also use laser pulses of duration short enough so that back-stimulation is not an issue, and with a repetition rate that would allow radiative cascade to remove the molecules formed from the frequency range resonant with the lasers. This also allows the use of more intense lasers. For example, using both I 1 = I 2 = 1000 W cm −2 (with T = 100 µK), the two-photon stimulated time isτ s = 2.2 µs, and a pulse duration τ pulse of 200 ns would be short enough to minimize back-stimulation. The number of molecules formed during a pulse is thus simply N mol = τ pulse R = 40 molecules/pulse (assuming R ∼ 2 × 10 8 mol s −1 for v = 15). Because one has to wait about 4 ms (decay time of most v levels) before sending another pulse, the number of pulses, N pulse , per second is 250, so that the total 'pulsed formation rate' R pulse = N pulse N mol is about 10 4 mol s −1 , i.e. of the same order as before. Note that other approaches which can also give large rates, such as the use of chirped pulses [34] , could be explored. Finally, for the direct two-photon formation of (v = 0, J = 0 or 2) molecules, one cannot mitigate back-stimulation using the same methods described above since the J = 0 state does not decay to any other state, while the lifetime of J = 2 is extremely long (over 2 h, see table 7). A possible solution is to remove the molecules from the laser interaction region. This could be realized experimentally by allowing the molecules to fall under the influence of gravity or by extracting the molecules from the interaction region using far-detuned optical or electrostatic fields.
Conclusions
We have explored the possibility of forming LiH molecules in their electronic ground state, via a two-photon Raman transition scheme and through spontaneous radiative decay, utilizing the B 1 state of LiH as the intermediate state. Using laser intensities and atomic densities that are easily attainable experimentally, we found that significant quantities of molecules can be formed in various v, J levels of the electronic ground state. With the same parameters, the molecule formation rate obtained with the two-photon process is two to three orders of magnitude larger than the one-photon process followed by spontaneous emission. However, when taking into account back-stimulation into the continuum, that advantage vanishes. Then, the one-photon rate is 10-100 times larger, depending on the target level populated in the X state. Although the two-photon process gives better level selectivity, the one-photon process may be easier to implement experimentally. In both cases, unless populating directly the v = 0 level, radiative cascade within the X state will give a distribution of final J levels within the v = 0 manifold. These results may stimulate work on molecule formation for other heteronuclear systems with large dipole moments (e.g., LiCs).
